It has been well-described in multicellular organisms that intercellular communication is mediated by processes that include direct cell-to-cell contact and transfer of secreted molecules. However, an additional mechanism for intercellular communication, involving the transfer of extracellular vesicles (EVs), has recently emerged in the literature. The simplest and most inclusive definition of EVs is that they are spherical, cell-derived structures limited by a lipid bilayer of similar structure to that of the cell membrane of origin. They are shed spontaneously, but also in response to exogenous stressors including hypoxia, shear stress, irradiation, chemotherapeutic agents and cytokines ([@CIT0001]). EVs originating from platelets and red blood cells have been known about for decades and were initially felt to represent cellular cast-offs. Not only has their cellular source expanded to virtually every known cell type, their biological relevance is also gaining greater recognition.

EVs were first identified nearly 60 years ago and were described as microparticles with procoagulant activity ([@CIT0002]). Here, investigators demonstrated that the high-speed centrifugate of human cell and platelet-free plasma was capable of normalizing the clotting of blood from a patient suffering from haemophilia. Pro-thrombotic particles derived from platelets were later visualized by electron microscopy by Wolf in 1967 ([@CIT0003]). This "platelet dust" was shown to be capable of facilitating thrombin formation similarly to platelets. Their role, in vivo, was later defined when activated platelets were shown to release microparticles after attaching to the blood vessel wall ([@CIT0004]). These observations led to the belief, that in the setting of vascular injury, pro-thrombotic platelet and leukocyte-derived microparticles appear to play an integral role in thrombus formation ([@CIT0005]--[@CIT0010]). However, it was only recently that microparticles were believed to not only participate in normal homeostatic processes but also in the pathogenesis of a variety of human diseases. Platelet, monocyte and lymphocyte-derived microparticles with high tissue factor (TF) activity can be isolated from human atherosclerotic plaques, suggesting that they may participate in the pathogenesis of coronary artery disease ([@CIT0011]). In parallel with these observations, studies over the past several decades have yielded the discovery of several other sub-populations of EVs derived from a variety of cell types contributing to the notion that any given biological fluid is composed of a vastly heterogeneous collection of biologically active EVs.

Several distinct sub-populations of EVs have been described in the literature including exosomes ([@CIT0012]), microparticles ([@CIT0013]), ectosomes ([@CIT0014]), microvesicles ([@CIT0015]), membrane particles ([@CIT0016]) and apoptotic vesicles ([@CIT0017]). Common to all sub-populations is that their components are a reflection of the cell from which they were derived. They can form either at the plasma membrane or from internal compartments of the cell and contain cytoplasm as well as cell membrane components. As their membrane orientation is the same as that of the donor cell, they can be considered to be miniature versions of a cell ([@CIT0018]). Different sub-populations can be distinguished from one another based on size, density in sucrose, centrifugation force required for isolation, appearance by electron microscopy, mechanisms by which they are formed and surface protein and lipid composition ([@CIT0018]).

Our group has demonstrated that bone marrow cells are capable of contributing to the epithelial lung cellular component after transplantation into lethally irradiated mice ([@CIT0019]). A potential mechanism of this observation is that injured pulmonary epithelial cells release EVs which are internalized by cells of the bone marrow which, in turn, help to reconstitute the injured epithelium. Our previous work has shown that EVs from murine lung cells are internalized by cells of the bone marrow resulting in persistent pulmonary epithelial cell gene and protein expression in vitro and, after transplantation into lethally irradiated mice, an increase in the number of bone marrow-derived pulmonary epithelial cells in the lungs of transplant recipients ([@CIT0020]--[@CIT0022]). It is not known which type of cell residing in the bone marrow internalizes lung-derived extracellular vesicles (LDEVs) and if this results in a stable change of cellular phenotype. To address this, we performed experiments to determine if a bone marrow cell population enriched with hematopoietic stem/progenitor cells (lineage depleted, stem cell antigen-1+ or Lin-/Sca-1+) or if various differentiated hematopoietic cells of the bone marrow (cells of a granulocytic, erythrocytic and B cell lineage) are capable of internalizing LDEV in culture and stably expressing pulmonary epithelial cells genes.

Methods {#S0002}
=======

Experimental animals {#S0002-S20001}
--------------------

All mouse studies were approved by the Institutional Animal Care and Use Committee at Rhode Island Hospital (CMTT numbers 0131-11, 0080-13). Six- to eight-week-old male C57BL/6 mice (Jackson Laboratories) were used for all studies. Animals had ad libitum access to food and water and were given 1 week to acclimate prior to experimental treatment or euthanasia. Euthanasia was performed using CO~2~ inhalation or isoflurane inhalation followed by cervical dislocation.

Tissue harvest {#S0002-S20002}
--------------

For lung harvest, blood was flushed from the pulmonary vasculature through the right ventricle using Dulbecco\'s phosphate-buffered saline (PBS, Invitrogen). Lungs were placed in ice-cold PBS supplemented with 5% heat-inactivated foetal calf serum (HICFS, Hyclone) and 1% penicillin-streptomycin (PS, Invitrogen). For whole bone marrow cell (WBM) harvest, tibiae, femurs, iliac crests and spines were collected, and all surrounding muscles were removed with sterile gauze. Bones were placed in ice-cold PBS/5%HIFCS/1%PS and crushed using mortar and pestle. Cells were strained through 40 µm cell strainer (Allegiance) then centrifuged at 300 g for 10 minutes at 4°C.

Lineage depletion {#S0002-S20003}
-----------------

Mononuclear cells were isolated from WBM by discontinuous density centrifugation at 1,000 g for 30 minutes (room temperature) using OptiPrep (Accurate Chemical). Mononuclear cells were lineage depleted (Lin-) by adding the following rat--anti-mouse antibodies: anti-Ter119, B220, Mac-1, Gr-1, CD4 and CD8 (BD Biosciences). Cells were incubated on ice for 15 minutes. Dynabead M450 anti-rat IgG (Dynal) was added, and lineage positive cells were removed by a magnetic column. Remaining Lin- cells were counted, and percent viability was determined using trypan blue stain (Gibco).

Isolation of Lin-/Sca-1+cells {#S0002-S20004}
-----------------------------

Allophycocyanin (APC)-conjugated anti-mouse LY-6AE (Sca-1) (BD Biosciences) was added to a final concentration of 1 µg/10^6^ Lin- cells, then incubated for 30 minutes on ice. Cells were washed with PBS, centrifuged at 300 g for 10 minutes and then passed through a 40-µm filter. Propidium iodide (0.05 mg/mL) was added (1:1,000 dilution), and Lin-/Sca-1+ cells were then separated using a 5 laser Becton Dickinson/Cytopeia Influx High Speed Cell Sorter.

Isolation of differentiated bone marrow cells {#S0002-S20005}
---------------------------------------------

WBM cells (isolated as described above) at 1×10^7^ cells/ml PBS were labelled with either of the following antibodies (0.25 µg/1×10^6^ cells, Invitrogen) on ice for 15 minutes: Anti-Ter119-APC (erythroid cells), CD19-pacific blue (B cells) or Gr-1-APC (granulocytes). Cells were washed with PBS, centrifuged at 300 g for 10 minutes and then passed through a 40-µm filter. Propidium iodide (0.05 mg/mL) was added (1:1,000 dilution), and erythroid cells, B cells and granulocytes were then separated using a 5 laser Becton Dickinson/Cytopeia Influx High Speed Cell Sorter.

LDEV isolation and characterization {#S0002-S20006}
-----------------------------------

Lungs were filled with dispase (Sigma) and incubated for 45 minutes on ice. Lungs were then mechanically dissociated with forceps into a single cell suspension, filtered through a 40 µm cell strainer and washed with PBS by centrifugation (300 g for 10 minutes, 4°C). Lung cells were cultured (1×10^6^ cells/ml) in Bronchial Epithelial Growth Media (BEGM, Lonza), supplemented with 0.5 µg/ml epinephrine, 10 µg/ml transferrin, 5 µg/ml insulin, 0.1 ng/ml retinoic acid, 52 µg/ml bovine pituitary extract, 0.5 µg/ml hydrocortisone, 0.5 pg/ml human recombinant epidermal growth factor and 6.5 ng/ml triiodothyronine, at 37°C/5% CO~2~ for 7 days. Cultured lung cells were then removed from the conditioned media by centrifugation at 300 g for 10 minutes at 4°C (performed twice). Cell-free media was ultracentrifuged at 100,000 g for 1 hour at 4°C in a Thermo Scientific Sorval WX Ultra series ultracentrifuge. The supernatant was discarded, and the pellet was resuspended in PBS supplemented with 5 mM Hepes \[4-(2-hydroxyethyl) piperazine-1-ethanesulfonic acid, *N*-(2-hydroxyethyl) piperazine-*N*′-(2-ethanesulfonic acid)\] (Sigma). The pelleted material, LDEVs, was ultracentrifuged again at 100,000 g for 1 hour at 4°C, resuspended in PBS. LDEVs isolated by these methods have been fully characterized, and these qualities have been described in a recent publication by our group ([@CIT0023]). Proteomic analysis of our LDEVs demonstrated the presence of proteins characteristic of both exosomes (including various tetraspanins) and microvesicles (including CD40 ligand). LDEVs were quantified by BCA assay and by NanoSight NS500 analysis. NanoSight and transmission electron microscopy (Supplementary Fig. 1) analyses revealed EV in the size range of exosomes and microvesicles.

Isolation of CFSE positive cells after exposure to CFSE-labelled LDEV in culture {#S0002-S20007}
--------------------------------------------------------------------------------

LDEVs were labelled with the cell cytoplasm dye CFSE (carboxyfluorescein *N*-succinimidyl ester, Molecular Probes), final concentration of 0.02 µM, for 15 minutes at 37°C. An equal volume of 10% foetal bovine serum solution in PBS was then added, and the samples were ultracentrifuged at 100,000 g for 1 hour at 4°C. 5×10^5^ erythroid cells, B cells, granulocytes or Lin-/Sca-1+ cells were plated in 6-well plastic culture plates (USA Scientific) in 5 ml of DMEM-glutamax at 5.3×10^4^ cells/cm^2^. CFSE-labelled LDEV isolated from 1 mouse lung (25 µg EV protein by BCA protein assay) were added to culture wells so that LDEVs isolated from 1 mouse lung was co-cultured with 5×10^5^ cells. As a control, no LDEVs were added to other culture wells. Co-cultures were maintained at 37°C for 48 hours. Cells were then harvested, washed with PBS and centrifuged at 300 g for 10 minutes at 4°C and then passed through a 40-µm filter. Cells were then separated using a 5 laser Becton Dickinson/Cytopeia Influx High Speed Cell Sorter based on their presence or absence of CFSE. CFSE was excited at 488 nm and detected through a 528/38 bandpass filter. CFSE+ events were defined as cells that internalized CFSE-labelled LDEV whereas CFSE negative events were defined as cells exposed to LDEV in culture that did not internalize them. Cells were then analyzed by RT-PCR or placed into long-term culture.

Imaging of CFSE positive cells after isolation by flow cytometry {#S0002-S20008}
----------------------------------------------------------------

Cells were counterstained with the nuclear label 4′-6-diamidino-2-phenylindole (DAPI), visualized using conventional and deconvolution fluorescence microscopy (Zeiss Axioplan 2 microscope; Carl Zeiss) at room temperature and photographed at 63×magnification using the AxioVision software package (Carl Zeiss). Three dimensional images were created from a 25-layer (0.4 micron/layer) z stack to demonstrate co-localization of fluorescent signal. No photosubtraction or processing of artefact was performed.

Long-term cell cultures {#S0002-S20009}
-----------------------

Cells that internalized LDEV, cells that had been exposed to LDEV in culture that did not internalize them and cells that were not exposed to LDEV (control) were plated in 6-well plastic culture plates and cultured in DMEM-glutamax supplemented with 15% foetal bovine serum, 1% PS and recombinant murine stem cell factor (SCF, final concentration 50 ng/ml) at 37°C (5.3×10^4^ cells/cm^2^). Cells were split into separate wells when they reached 80--100% confluence and were removed at 2 weeks intervals (up to 8 weeks) for RT-PCR analysis.

RT-PCR analysis {#S0002-S20010}
---------------

Total RNA extracted from cells was measured for quantity and quality (260/280 ratio) using a Nanodrop ND/1000 spectrophotometer (Thermo Scientific). For each sample, 10 ng of RNA was used to amplify cDNA using the High Capacity cDNA transcription kit (Applied Biosystems). cDNA amplification reactions were performed on a 9800 Fast Thermal Cycler (Applied Biosystems) and consisted of 1 cycle (10 minutes, 25°C), 1 cycle (120 minutes, 37°C) and 1 cycle (5 minutes, 85°C). All Real Time RT-PCR reactions were performed 7900HT Fast RT PCR System using the following murine primers: β2 microglobulin (Mm00437762_m1), TTF-1 (Mm00447558_m1), c/EBP alpha (Mm00514283_s1), HNF-3 beta (FOXa2) (Mm01976556_s1), Ppp3r1 (Mm01187904_m1), sftpa1 (Mm00499170_m1), Sftpb (Mm00455681_m1), Sftpc (Mm00488144_m1), Sftpd (Mm00486060_m1), Scgb1a1 (Mm00442046_m1), Aqp5 (Mm00437578_m1), CD34 (Mm00519283_m1), Ptprc (Mm00448463_m1), CD150 (Mm00443316_m1), ckit (Mm00445212_m1), sca-1, (Mm00726565_s1), mac-1 (Mm00434455_m1), gr-1 (Mm00439151_m1), Fcgr2b (CD32) (Mm00438875_m1), Fcgr4 (CD16) (Mm00519988_m1), EGF (Mm00500151_m1), ABCa3 (Mm00550501_m1) and pdpn (Mm00494716_m1). Duplicate reactions of the target and housekeeping genes were performed simultaneously for each cDNA template. The PCR reaction consisted of an initial enzyme activation step at (10 minutes, 95°C) followed by 40 cycles (15 seconds, 95°C; 1 minute, 60°C). A cycle threshold value (CT) value was obtained for each sample, and duplicate sample values were averaged. The 2^−ΔΔCT^ method was used to calculate relative expression of each target gene ([@CIT0024]). To calculate 2^−ΔΔCT^ for target genes with no expression in the control group, a CT value of 40 was assigned to the control group so that a relative quantity of the target gene could be reported.

Cell culture experiments used for RT-PCR analysis were performed a total of 3 times, and fold expression values were averaged from all experiments. A fold difference of greater than or less than 2 compared with the comparison group is considered biologically significant. Gene expression changes are displayed as heat maps using a base 2 logarithmic scale such that a change in colour shade represents a 2-fold difference in gene expression. Genes with increased expression relative to the control group (≥2-fold increase) are displayed as shades of red whereas genes with decreased expression relative to the control group (≥2-fold decrease) are displayed as shades of green. Genes with no significant change in gene expression relative to the control group (\<2-fold increase or \<2-fold decrease) are displayed using a red/green colour. Genes with no expression are displayed in black. Gene expression in cells that achieved statistical significance (Student\'s t-test) compared with its control group is displayed with an asterisk in all heat maps.

Rat/mouse hybrid co-culture {#S0002-S20011}
---------------------------

LDEVs were isolated from 1 Fischer-344 rat and labelled with CFSE, as described above. Lin-/Sca-1+ bone marrow cells isolated from male C57BL/6 mice were plated in 6-well plastic culture plates (USA Scientific) in 5 ml of DMEM-glutamax at 5.3×10^4^ cells/cm^2^. Twenty-five micrograms of CFSE-labelled rat LDEV were added to this flask. As a control, Lin-/Sca-1+ bone marrow cells were cultured in the absence of LDEV. Co-cultures were maintained at 37°C for 48 hours separated by flow cytometry into cells that internalized LDEV and cells that had been exposed to LDEV in culture that did not internalize them. All cell populations, including cells not exposed to LDEV (control) were plated in 6-well plastic culture plates and cultured in DMEM-glutamax supplemented with 15% foetal bovine serum, 1% PS and recombinant murine (SCF, final concentration 50 ng/ml) at 37°C (5.3×10^4^ cells/cm^2^) for 1 or 4 weeks. For 4 week cultures, cells were split into new culture wells when 80--100% confluence was achieved. This occurred at culture day 7 (passage 1), day 9 (passage 2), day 12 (passage 3), day 16 (passage 4) and day 22 (passage 5). All passages were cultured for a total of 4 weeks. After culture, cells were analyzed by RT-PCR using mouse or rat-specific primers for the pulmonary epithelial cell--specific genes surfactant B (Sp-B) and C (Sp-C). Murine assays used were as follows: β2 microglobulin (Mm00437762_m1), surfactant B (Mm00455681_m1) and surfactant C (Mm00488144_m1). Rat assays included β2 microglobulin (Rn00560865_m1), surfactant B (Rn00684785_m1), surfactant C (Rn01466216_g1) (all from Applied Biosystems). Each passage from the 4 week cell cultures was analyzed separately.

Statistical analysis {#S0002-S20012}
--------------------

Data were analyzed using the Student\'s t-test when there were fewer than 6 measurements within 2 parent groups. Alternatively, Wilcoxon rank sum test was performed when there were 6 or more measurements within 2 parent groups; p≤0.05 represented statistical significance. Data were presented as mean±standard error.

Results {#S0003}
=======

LDEVs are internalized by bone marrow--derived stem/progenitor cells and differentiated cells in culture {#S0003-S20001}
--------------------------------------------------------------------------------------------------------

To determine if both bone marrow-derived stem/progenitor cells and differentiated cells are capable of internalizing LDEV in culture, bone marrow--derived Lin-/Sca-1+ cells and differentiated erythroid cells (Ter119+), granulocytes (Gr-1+) and B cells (CD19+) were cultured with CFSE-labelled LDEV for 48 hours. Cultured cells were then separated by flow cytometry into cells that internalized LDEV (LDEV+ cells) and cells exposed to LDEV that did not internalize them (LDEV− cells, [Fig. 1](#F0001){ref-type="fig"}). By fluorescence microscopy, CFSE+ LDEV could be visualized within all 4 populations flow cytometry--separated cells and were noted to be adjacent to the nuclei of all cell types ([Fig. 2](#F0002){ref-type="fig"}). LDEV+ cells, expressed as a percentage of all cells cultured with CFSE-labelled LDEV, were 25.2% for Ter119+, 29.5% for CD19+ and 29.2% for Gr-1+ cells, but these were not significantly different from one another. However, there were significantly fewer LDEV+ Lin-/Sca-1+ cells (15.3%) compared with other cell populations (p\<0.05, [Table I](#T0001){ref-type="table"}). These data indicate that stem/progenitor cells and differentiated cells derived isolated from the bone marrow are capable of internalizing LDEV in culture.

![Separation of LDEV+ and LDEV− bone marrow cells cultured with CFSE-labelled LDEV. (a) Whole bone marrow (WBM) cells (5.3×10^4^ cells/cm^2^) cultured without CFSE-labelled LDEV for 48 hours. (b) Lin-/Sca-1+, (c) CD19+, (d) Ter119+ and (e) Gr-1+ cells (all 5.3×10^4^ cells/cm^2^) cultured with CFSE-labelled LDEV (one mouse lung equivalent) for 48 hours. LDEV+ cells (R3) and LDEV− (\*\*) could be detected and separated by flow cytometry. Y-axis, CFSE (FITC); X-axis, forward scatter (FSC).](JEV-4-26166-g001){#F0001}

![Flow cytometry--separated LDEV+ cells. (a) Lin-/Sca-1+, (b) CD19+, (c) Ter119+ and (d) Gr-1+ cells that have internalized CFSE-labelled LDEV. CFSE-labelled LDEV (FITC, green) can be found adjacent to the nucleus (DAPI, blue). Red bar=10 µm.](JEV-4-26166-g002){#F0002}

###### 

LDEV+ bone marrow cell populations after culture with CFSE-labelled LDEV

  Cell population       LDEV+cells, expressed as a % of all cells cultured with CFSE-labelled LDEV (standard error)
  --------------------- ---------------------------------------------------------------------------------------------
  Ter119+ (erythroid)   25.2 (2.4)
  CD19+ (B cell)        29.5 (4.1)
  Gr-1+ (granulocyte)   29.2 (8.4)
  Lin-/Sca-1+           15.3 (1.1)[\*](#TF0001){ref-type="table-fn"}

p\<0.05, LDEV+ Lin-/Sca-1+ cells versus all other cell populations.

Cells that internalize LDEV contain pulmonary epithelial cell gene mRNA transcripts {#S0003-S20002}
-----------------------------------------------------------------------------------

To determine if cells that internalize LDEVs contain mRNA species that are typically expressed by pulmonary epithelial cells, RT-PCR analysis was performed on flow cytometry--separated LDEV+ and LDEV− cells, focusing on genes expressed by type I pneumocytes (aquaporin-5; Aq-5), type II pneumocytes (surfactants A-D; Sp-A, Sp-B, Sp-C, Sp-D) and clara cells (clara cell-specific protein; CCSP). We found that there was high and statistically significant expression of most of these genes in LDEV+ cell populations whereas expression in LDEV− cells was relatively low or absent ([Fig. 3](#F0003){ref-type="fig"}). These data indicate that pulmonary epithelial cell mRNA species can be detected in abundance in cells that internalize LDEVs.

![Pulmonary epithelial cell mRNA transcripts detected in cells cultured with CFSE-labelled LDEV. (a) Cells cultured with CFSE-labelled LDEV (5.3×10^4^ cells/cm^2^ with one mouse lung equivalent of LDEV for 48 hours) that are LDEV+ and (b) LDEV−. Gene expression is relative to cells not exposed to LDEV in culture (control) and is displayed as heat maps using a base 2 logarithmic scale. Cell culture experiments performed 3 times, and fold expression values are an average of all 3 experiments. \*p\>0.05 (Student\'s t-test), gene expression versus control cells.](JEV-4-26166-g003){#F0003}

Persistent pulmonary epithelial cell gene expression in cells that internalize LDEV {#S0003-S20003}
-----------------------------------------------------------------------------------

To determine if cells that have internalized LDEV in culture have persistent expression of pulmonary epithelial cell genes, LDEV+ and LDEV− Lin-/Sca-1+ cells and Gr-1+ cells were separated by flow cytometry and placed into secondary culture. Compared to LDEV− Lin-/Sca-1+ cells and Gr-1+ cells, those that were LDEV+ generally had significantly increased expression of a variety of pulmonary epithelial cells genes. For some of these genes, expression remained elevated for up to 8 weeks in culture ([Fig. 4](#F0004){ref-type="fig"}).

![Gene expression profile of LDEV+ Gr-1+ and Lin-/Sca-1+ cells in long-term culture. Expression of pulmonary epithelial cell genes, stem/progenitor cell genes and granulocyte genes in (a) Gr-1+ cells and (b) Lin-/Sca-1+ cells that are LDEV+ relative to cells that are LDEV−. Cells were cultured for 2, 4, 6 or 8 weeks (5.3×10^4^ cells/cm^2^). Gene expression changes relative to LDEV− cells are displayed as heat maps using a base 2 logarithmic scale. Cell culture experiments performed 3 times, and fold expression values are an average of all 3 experiments. \*p \> 0.05 (Student\'s t-test), gene expression versus control cells.](JEV-4-26166-g004){#F0004}

In addition, LDEV+ Lin-/Sca-1+ cells had significantly increased expression of a panel of stem/progenitor cell genes compared to LDEV− Lin-/Sca-1+ cells, and this expression persisted in culture. Although granulocyte gene expression was also detected in these cells, expression was generally less than or not different than expression in LDEV− Lin-/Sca-1+ cells. These data suggest that Lin-/Sca-1+cell internalization of LDEV induces persistent expression of stem/progenitor cell genes. Granulocyte gene expression in LDEV+ Gr-1+cells was generally less than expression in LDEV− Gr-1+cells. However, stem/progenitor cell gene expression in these cells was significantly increased compared to LDEV− Gr-1+ cells, and this expression persisted in culture. These data suggest that Gr-1+cell internalization of LDEV induces loss of granulocyte gene expression and induction of stem/progenitor cell gene expression ([Fig. 4](#F0004){ref-type="fig"}).

De novo pulmonary epithelial cell gene expression in cells that internalize LDEV {#S0003-S20004}
--------------------------------------------------------------------------------

To determine if pulmonary epithelial cell gene mRNA species detected in cells that internalized LDEVs is directly transferred by LDEV or transcribed de novo, we cultured murine Lin-/Sca-1+ cells with CFSE-labelled EVs isolated from rat lungs. LDEV+ and LDEV− cells isolated by flow cytometry then cultured for up to 4 weeks, and cells were analyzed by RT-PCR using mouse and rat-specific primers for Sp-B and Sp-C. Immediately after separation into LDEV+ and LDEV− cells (day 0), we found only rat-specific Sp-B and Sp-C in LDEV+ cells, indicating that these mRNA species were transferred from rat LDEV. In addition, rat-specific Sp-B was also isolated from LDEV− cells. After 7 days of culture (day 7), only mouse-specific Sp-B and Sp-C was isolated from LDEV+ cells, indicating that these mRNA species were produced de novo by murine Lin-/Sca-1+ cells. No surfactant expression was detected in LDEV− cells after 7 days of culture ([Fig. 5](#F0005){ref-type="fig"}). Due to cell growth in culture, remaining cells were split into new culture wells at culture day 7 (passage 1), day 9 (passage 2), day 12 (passage 3), day 16 (passage 4) and day 22 (passage 5). All culture wells were maintained for a total of 4 weeks, and then cells were analyzed by RT-PCR. We found that after 4 weeks of culture, LDEV+cells isolated from each passage expressed Sp-B and/or Sp-C, and the surfactant expressed was only mouse-specific. LDEV− cells expressed Sp-B and Sp-C as well, although levels were lower compared with LDEV+ cells ([Fig. 6](#F0006){ref-type="fig"}). These data indicate that de novo pulmonary epithelial gene expression occurs in Lin-/Sca-1+ cells that have internalized LDEV, and that this expression persists for weeks in culture.

![Sp-B and Sp-C expression in the mouse Lin-/Sca-1 cell/rat LDEV hybrid co-culture, short term. Expression (+ + +) or no expression (--) of mouse- or rat-specific Sp-B, Sp-C in mouse Lin-/Sca-1+ cells that were cultured for 48 hours with CFSE-labelled rat LDEV (5.3×10^4^ cells/cm^2^ with 25 µg of rat LDEV). Shown is the presence or absence of expression in cells immediately after flow cytometry separation into LDEV+ cells and LDEV− cells (Day 0) and after 7 days of culture (Day 7).](JEV-4-26166-g005){#F0005}

![Sp-B and Sp-C expression in the mouse Lin-/Sca-1 cell/rat LDEV hybrid co-culture, long term. Mouse-specific (a) Sp-B and (b) Sp-C expression in LDEV+ (black bars) and LDEV− (white bars) cells from each passage (X-axis) after 4 weeks of culture. No rat-specific Sp-B or Sp-C expression was found in either cell population (not shown). Fold difference of gene expression is compared to cells cultured without LDEV (Y-axis).](JEV-4-26166-g006){#F0006}

Discussion {#S0004}
==========

We have previously demonstrated that unfractionated murine WBM cells cultured with EVs isolated from murine lung tissue express a variety of pulmonary epithelial cell genes in vitro for up to 12 weeks ([@CIT0022]). In these studies, we also demonstrated that the lungs of lethally irradiated mice transplanted with WBM cells cultured with LDEV have up to 5 times more bone marrow-derived type II pneumocytes when compared to mice transplanted with unmanipulated WBM cells. These studies did not investigate the specific cell type residing in the bone marrow that is responsible for these stable changes in cellular phenotype. The bone marrow serves as an attractive source of cells for the development of cell-based therapies given their ability to engraft a recipient\'s bone marrow, and thus provide a stable reservoir of reparative cells. Exposure of cells to EVs prior to transplantation may augment their effects; however, many critical variables must be defined including the cellular source of the EVs and the marrow cells that EVs are specifically targeting. Importantly, these variables must be considered in the context of the disease process of interest. The goal of the present study is to define the bone marrow cell type which may be subject to stable EV-induced phenotypic changes.

We report that after exposure to CFSE-labelled LDEV in culture, bone marrow--derived hematopoietic stem/progenitor cells (Lin-/Sca-1+ cells) and differentiated hematopoietic cells, including granulocytes (Gr-1+), erythrocytes (Ter119+) and B cells (CD19+), can be identified by flow cytometry as CFSE+ cells. Internalization of LDEV was further confirmed by fluorescence microscopy as CFSE+ LDEV could be identified within the cytoplasm of all cell types. Distribution of LDEV within all cell types appeared similar as they clustered in a peri-nuclear pattern. However, the biological effects, that is, induction of different mRNAs, differed between cell types. This indicates that while uptake of LDEVs may be similar, the cellular responses are dependent upon specific target cell features.

Further biologic complexity is indicated by the fact that LDEVs used in this study represent a heterogeneous mixture of vesicle cell populations and were likely to have been derived from several of the dozens of cells present in the murine lung. We chose a panel of mRNAs expressed in pulmonary epithelial cells including type I (Aq-5) and type II (Sp-A-D) pneumocytes and clara cells (CCSP) to demonstrate LDEV/bone marrow cell interactions as we have previously demonstrated that the technique we use to isolate LDEV from cultured murine lung cells contain these transcripts ([@CIT0020]--[@CIT0022]). Detection of pulmonary epithelial cell mRNA in cells that ordinarily harbour few to none of these transcripts further demonstrates that LDEV are capable of transferring their mRNA cargo to bone marrow cells in culture. Importantly, cells that were separated by flow cytometry based on CFSE fluorescence had substantially more of these mRNA transcripts than cells exposed to LDEV in culture that were CFSE negative, supporting the notion that internalization of LDEV leads to transfer of their mRNAs.

Although LDEV-based pulmonary epithelial cell--derived mRNA transcripts could be detected in all bone marrow cell types soon after exposure to LDEV in culture, these transcripts appeared to persist for weeks after placing cells into secondary culture. We have previously demonstrated in a hybrid rat--mouse co-culture system (using LDEV isolated from rats and marrow cells isolated from mice) that pulmonary epithelial cell mRNA transcripts isolated from co-cultured marrow cells at early time points were of both mouse and rat origin, indicating that originator cell mRNAs and a transcriptionally active factor or factors were transferred However, at later co-culture time points (beyond 2 weeks), pulmonary epithelial cell mRNA transcripts were mouse-specific, indicating that they were transcribed de novo ([@CIT0022]). In present studies, Lin-/Sca-1+ and Gr-1+ cells that had internalized LDEV, as well as cells that did not internalize LDEV, were placed into secondary culture for up to 8 weeks. We found that there was persistent expression of various pulmonary epithelial cell genes in both LDEV+ cell populations for up to 8 weeks. In most instances, expression of these genes was significantly higher compared to LDEV− cells. Interestingly, LDEV+ Lin-/Sca-1+ cells had high persistent expression of stem/progenitor cell genes compared to LDEV− cells. Granulocyte gene expression in LDEV+ Gr-1+ cells was generally lower compared with LDEV− cells but stem/progenitor cell gene expression in these cells was significantly increased, suggesting that Gr-1+ cell internalization of LDEV induces loss of granulocyte gene expression and induction of stem/progenitor cell gene expression. This phenotypic change may explain how differentiated bone marrow cells can be maintained in culture and stably express pulmonary epithelial cell genes.

Hybrid rat/mouse co-culture experiments were performed to determine if the presence of pulmonary epithelial cell-derived mRNA in bone marrow cells was due to transfer of LDEV-based mRNA or due to the transfer of LDEV-based factors that induce de novo transcription of pulmonary epithelial cell mRNA. These experiments demonstrated that soon after LDEV internalization, Lin-/Sca-1+ cell-based surfactant mRNA species were only rat-specific, indicating transfer of mRNA species via LDEV. After 4 weeks in culture, surfactant mRNA species isolated were only mouse-specific, indicating de novo transcription. Although LDEV+ cells and LDEV− cells both expressed varying degrees of surfactant in long-term culture, LDEV− cells appeared to lose surfactant expression with successive culture passages. By passages 4 and 5, LDEV− cell surfactant expression was very low or absent while LDEV+ cell surfactant expression remained elevated. These data further emphasize the importance of LDEV internalization for long-term, stable, de novo expression of pulmonary epithelial cell genes.

In summary, differentiated and more primitive cells residing in the bone marrow are capable of internalizing LDEV in culture. Pulmonary epithelial cell mRNA is transferred to these cells and, presumably, LDEV-based transcription factors which govern persistent expression of these genes for several weeks in culture. Persistent LDEV-induced gene expression in different cell types that can be maintained and expanded in culture present the opportunity to broaden our understanding of bone marrow cell--based cellular therapies. The optimal cell type used to repair the pulmonary epithelium is likely dependent on many factors, including the disease model being tested, and the mechanism of repair may depend on cellular engraftment or non-engraftment related paracrine effects. These important variables require further investigation and are outside of the scope of these studies. These studies do serve as the basis for determining the optimal cell type that can be used for cell-based therapies for processes that injure the pulmonary epithelial surfaces.
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